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a b s t r a c t
Since the discovery of Mimivirus, the founding member of the familyMimiviridae, three lineages, A–C, have
been delineated among the mimiviruses of amoebae. To date, all giant viruses with annotated genomes
have been isolated from water samples. Here, we describe the genome of two mimiviruses, Terra1 virus
and Terra2 virus, which were recovered by co-culturing on Acanthamoeba spp. from soil samples. These
genomes are predicted to harbor 1055 and 890 genes, respectively. Comparative genomics and
phylogenomics show that Terra1 virus and Terra2 virus are classiﬁed within lineages C and A of the
amoebae-associated mimiviruses, respectively. The genomic architecture of both viruses show conserved
collinear central regions ﬂanked by less conserved areas towards the extremities, when compared with
other mimivirus genomes. A cluster of genes that are orthologous to bacterial genes and have no
counterpart in other viral genomes except in lineage C mimiviruses was identiﬁed in Terra1 virus.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Mimiviruses are giant viruses with particle and genome sizes
that are on the same order of magnitude of small bacteria (Yutin
and Koonin, 2012; Yutin et al., 2013; Colson et al., 2012). The
founding member of the family Mimiviridae is Acanthamoeba
polyphaga mimivirus that was discovered in 2003 by coculturing
on A. polyphaga from a water sample collected in a cooling tower
in England in 1992 (La Scola et al., 2003). The Mimivirus genome
(GenBank Accession no. HQ336222) is 1.18 megabase pairs (Mbp)
and is predicted to encode for approximately 1000 proteins,
including proteins with functions that were believed to be the
trademarks of cellular organisms, such as aminoacyl-tRNA synthe-
tases (Raoult et al., 2004). Since the discovery of Mimivirus, several
dozens other mimiviruses have been isolated from freshwater,
saltwater and soil using the amoebal coculture method (La Scola
et al., 2010; Boughalmi et al., 2013; Colson et al., 2013; Arslan
et al., 2011; Pagnier et al., 2013). To date, ﬁve mimivirus genomes
have been described in detail. Three giant viruses, namely Mimi-
virus, Mamavirus (another Mimivirus strain; JF801956) and Mou-
mouvirus (JX962719), have been recovered fromwater collected in
cooling towers in the center of England, in Paris, France; and in
southern France, respectively (La Scola et al., 2003, 2008; Raoult
et al., 2004; Colson et al., 2011; Yoosuf et al., 2012). Two other
viruses were isolated from marine coastal water. Megavirus chi-
lensis (JN258408) was recovered from water collected in Chile by
culturing with Acanthamoeba spp. (Arslan et al., 2011), and the
Cafeteria roenbergensis virus (Crov; GU244497) was isolated from
water collected in Texas, USA, from C. roenbergensis, a phagocytic
protist belonging to the phylum Chromalveolata (Fischer et al.,
2010). Three lineages, A–C, have been delineated among the
mimiviruses of amoebae, and the leading members of these
lineages are Mimivirus, Moumouvirus and M. chilensis, respec-
tively (Colson et al., 2012; Desnues et al., 2012). More distantly
related mimiviruses, including Crov, infect green algae, hetero-
konts and haptophyta (Yutin et al., 2013). In addition, smaller,
though still giant, viruses that infect Acanthamoeba spp. have been
isolated from environmental water samples since 2008, and these
viruses compose a new proposed viral family called the family
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“Marseilleviridae”, as the ﬁrst of these viruses has been named
Marseillevirus (Pagnier et al., 2013; Colson et al., 2013). Mimi-
viruses and marseilleviruses are common in environmental water,
as demonstrated by the isolation of these viruses from up to 18% of
such samples and the frequent detection of sequences matching the
DNA of these viruses in metagenomic studies (La Scola et al., 2010;
Pagnier et al., 2013; Ghedin and Claverie, 2005; Monier et al., 2008;
Kristensen et al., 2010; Colson et al., 2013). In addition, metagenomic
reads matching the genomes of these giant viruses have also been
detected from human samples (Colson et al., 2013). In addition, two
mimiviruses of amoebae classiﬁed within lineage C, LBA111 virus and
Shan virus, have recently been recovered from the bronchoalveolar
ﬂuid and the stool, respectively, of Tunisian patients presenting
pneumonia (Pagnier et al., 2013; Saadi et al., 2013a; Saadi et al., 2013b).
Mimiviruses and marseilleviruses have been assigned to the
nucleo-cytoplasmic large DNA viruses (NCLDVs), a monophyletic
group of viruses that encompasses members of the families
Poxviridae, Phycodnaviridae, Iridoviridae, Ascoviridae and Asfarvir-
idae primarily based on a limited set of core genes shared by all of
these viruses (Iyer et al., 2006; Raoult et al., 2004; Yutin and
Koonin, 2012; Yutin et al., 2009; Iyer et al., 2001). It has recently
been proposed to the International Committee on Taxonomy of
Viruses that the NCLDVs should be reclassiﬁed into a new viral
order called the “Megavirales” (Colson et al., 2013) (http://
talk.ictvonline.org/ﬁles/proposals/taxonomy_proposals_fungal1/
m/fung02/4649.aspx). Two new giant viruses, Pandoravirus
salinus and Pandoravirus dulcis, were recently isolated by cocul-
turing on Acanthamoeba spp. from marine sediment collected in
Chile and from the mud of a freshwater pond collected in
Australia, respectively (Philippe et al., 2013). These viruses have
the largest particle and genome sizes among viruses. Notably,
these viruses harbor 2.5 and 1.9 Mbp-long genomes, respec-
tively. In addition, ORFans compose approximately 93% of these
viral genomes, and their morphology is unique among viruses.
To date, only mimiviruses recovered from water samples have
been described in detail. Here, we describe the genome of two
mimiviruses recovered by coculturing with Acanthamoeba spp.
from soil samples.
Results
Terra1 virus
The Terra1 virus was isolated from a soil sample collected in
March 2009 in Marseille, France. Some of the features of this virus
have been brieﬂy described (La Scola et al., 2010).
The ﬁnal assembly of the Terra1 virus genome yielded 12
contigs, including 8 large (41500 bp) contigs and 4 small
(o1500 bp) contigs with mean coverages of 17 and 10X, respec-
tively. The Terra1 virus genome (KF527229) is a double-stranded
DNA molecule composed of approximately 1233,835 bp. This
genome is AT-rich (74.8%), which is similar to other mimiviruses.
A total of 1055 predicted proteins were tentatively identiﬁed in
this genome. In addition, the Terra1 virus genome encodes two
tRNAs (1 Leu-tRNA and 1 Trp-tRNA). The predicted genes were
unevenly distributed on both DNA strands, with 640 located on
the negative strand and 415 located on the positive strand. The
length of the Terra1 virus predicted proteins ranges from 99 to
1903 amino acids, with a mean length of 337 amino acids. A total
of 1044 (99.0%) of the 1055 predicted proteins are homologous to a
M. chilensis protein with a mean amino acid identity of 95.4%. In
addition, 904 (85.7%) and 877 (82.2%) proteins from the Terra1
virus are homologous to Moumouvirus and Mimivirus proteins,
respectively, with mean identities of 56.4% and 47.8%, respectively.
M. chilensis proteins were the best hit for 409 Terra1 virus
proteins. In addition, 438 best hits were proteins of the Courdo7
virus that belongs to lineage C mimiviruses (La Scola et al., 2010;
Desnues et al., 2012). Also, 4 best hits were proteins of Moumou-
virus monve (La Scola et al., 2010; Desnues et al., 2012) that
belongs to the lineage B, and 2 best hits were proteins of
Mimivirus that belongs to the lineage A, although homologs for
these 6 proteins were present in mimiviruses from lineage C.
Moreover, a BLASTp search against the predicted proteins from all
previously published mimiviruses and against the clusters of
orthologous groups of proteins (COGs) identiﬁed hits for 1047
and 292 Terra1 virus proteins, respectively. The comparative
analysis of the Terra1 virus using the Proteinortho tool with other
annotated mimivirus genomes showed that the Terra1 virus shares
a maximum number of orthologous genes (512, 48.5% of the gene
repertoire) with M. chilensis (lineage C). The Terra1 virus shares
433 orthologous genes (41.0%) with Moumouvirus (lineage B), 376
(35.6%) with Mimivirus and 367 (34.78%) with Mamavirus (lineage
A). The C. roenbergensis virus, a distant member of the family
Mimiviridae, shares 40 orthologs (3.8% of its gene content) with
Terra1 virus proteins. Altogether, Mimivirus, Mamavirus, Mou-
mouvirus and M. chilensis share 287 orthologous genes with the
Terra1 virus. Genomic dot plots of the Terra1 virus against the
amoebae-associated mimiviruses of lineages A–C showed substan-
tial levels of synteny, which decrease close to the genome
extremities. The highest level of collinearity is with M. chilensis
(Fig. 1). The Terra1 virus genome shares a perfect collinearity with
M. chilensis, with two inverted regions at the 50 extremity of the
genome. The genomic dot-plot of the Terra1 virus against Mimi-
virus shows shorter, interrupted collinear regions with a larger
inverted region in the central part of the genome. The phylogeny
reconstruction based on family B DNA polymerase and a concate-
nation of core genes of the proposed order “Megavirales” indicates
that the Terra1 virus belongs to lineage C of mimiviruses of
amoebae, which is congruent with results from the comparative
genomic analyses (Figs. 2 and 3).
The BLASTp search against the GenBank nr database found hits
for 1050 of 1055 Terra1 proteins and identiﬁed ﬁve ORFans (0.47%
of the predicted gene repertoire) (Fig. 4). The Terra1 virus genome
harbors 643 lineage ORFans, which represents 61% of the gene
repertoire of this virus (Fig. 4). The detailed analysis of the Terra1
virus gene repertoire shows a set of genes that were either shared
only by members of lineage C or that were shared by the members
of lineages B and C but not lineage A. For example, Terra1_282
encodes a vacuolar sorting-associated protein that is essential for
vacuolar biogenesis and maturation and is widely present in
cellular organisms. This protein has been reported in M. chilensis.
Interestingly, this gene is only present in lineage C, which suggests
that the lineage C ancestor might have acquired this gene. A less
parsimonious scenario is that this gene was present in the
ancestor of all of the lineages and was lost in lineages A and B.
In addition, the Terra1_1006 gene that encodes a Cu/Zn superoxide
dismutase, the oxidoreductase enzyme that converts toxic super-
oxide radicals into molecular oxygen, has orthologs in all of the
members of lineages B and C and in eukaryotic genomes. The
distribution of this gene in mimiviruses suggests an evolutionary
scenario in which this gene was present in the ancestor of all of
the lineages and was lost in lineage A or that this gene was
transferred in the ancestor of lineages B–C.
We have identiﬁed a set of proteins of putative bacterial origin
in Terra1 virus that are contiguous and annotated as an UDP-
N-acetylglucosamine2-epimerase, a dTDP-4-dehydrorhamnose
reductase, a dTDP-d-glucose 4–6 dehydratase, a hypothetical
protein, and an ExoV-like protein (Fig. 5). The detailed compara-
tive analysis of this set of genes with other mimivirus genomes
identiﬁed orthologs for these genes only among the members of
lineage C, with no counterparts in the genomes of members
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of lineages A and B (except for the ExoV-like protein that is
orthologous to mimivirus protein L143 and Mamavirus protein
L199). A dTDP-4-dehydrorhamnose reductase and a dTDP-d-glucose
4–6 dehydratase are present in lineage A viral genomes, but
these genes have different genomic locations and correspond to
Mimivirus genes R141 and L780, respectively, and they are not
Fig. 2. Phylogenetic tree constructed based on the family B DNA polymerase from selected members of the family “Megavirales” and P. dulcis and P. salinus using the
maximum likelihood method. The numbers at tree nodes indicate bootstrap replicates of 100. The sequence alignment was generated using the muscle program (Edgar,
2004), and the trimAl tool (Capella-Gutierrez et al., 2009) was used for automated alignment trimming. The phylogenic tree was constructed for 44 sequences (1441
conserved positions) using PhyML (Guindon et al., 2005) and visualized with FigTree software (http://www.umiacs.umd.edu/morariu/ﬁgtree/).
Fig. 1. Genomic dot plots of the Terra1 virus against amoebae-associated mimiviruses of lineages A–C. The Terra1 virus and Terra2 virus genomes were compared to the
Mimivirus (a) and (d), Moumouvirus (b) and (e) and M. chilensis (c) and (f) genomes. Dot plots were constructed using the MUMmer3.22 software (Delcher et al., 2003):
nucleotide-based alignments were performed with MUMmer. Dot plots were generated by the MUMmerplot script and the program gnuplot (www.gnuplot.info/docs_4.0/
gnuplot.html). Aligned segments are represented by dots or lines. Colors indicate forward matches in red and reverse complement matches in blue.
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Fig. 3. Phylogenetic tree of the mimiviruses constructed from concatenated alignments of core genes of the proposed order “Megavirales”. Core genes used for the phylogeny
reconstruction included primase-helicase, family-B DNA polymerase, packaging ATPase and A2L-like transcription factor. Marseillevirus was used as an outgroup. The
alignment included 3230 positions that were deemed reliably aligned. The bootstrap values are indicated for each internal branch.
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orthologous to mimiviruses C proteins despite having the same
functional annotation. In addition, we checked for the synteny of
these genes in lineage C genomes and for corresponding regions in
Mimivirus and Moumouvirus. The gene arrangement was con-
served in the upstream and downstream regions of all the mimi-
viral genomes except in Moumouvirus (upstream). A similar
arrangement of contiguous genes of bacterial origin with predicted
functions linked to carbohydrate metabolism was previously iden-
tiﬁed in Crov (Fischer et al., 2010). Fischer et al. hypothesized that
the presence of these genes in the Crov genome could be the result
of frequent encounters of this mimivirus with bacteria ingested by
C. roenbergensis, the phagocytic protistan host, inside the host
cytoplasm, and the presence of virally encoded transposases that
might have enabled the integration of foreign DNA into the viral
genome. The Terra1 virus genome also encodes a transposase
(Terra1_894) and an integrase/resolvase (Terra1_895), which might
have promoted the gain of the ﬁve aforementioned proteins that
are widely distributed among bacterial species by mimiviruses of
lineage C. A less parsimonious evolutionary scenario could be that
the genes were gained by a common mimivirus A-C ancestor, and
then the genes were lost in mimivirus lineages A and B.
Finally, we compared the gene repertoire of Terra1 virus with
those of P. dulcis and P. salinus using BLASTp and 1e-3 as e-value
cut-off. Orthologs were identiﬁed in the gene content of P. dulcis
and P. salinus for 130 and 148 Terra1 virus proteins, respectively.
Pandoraviruses share several core genes of the “Megavirales” with
the Terra1 virus, including the class I core genes with the
exception of the capsid protein.
Terra2 virus
The Terra2 virus was also isolated in March 2009 by inoculating
A. polyphaga from a soil sample collected in Marseille, France. The
icosahedral capsid is approximately 370 nm in size and is covered
by a dense layer of ﬁbers. The Terra2 virus capsid is smaller than
that of the Terra1 virus, which is 420 nm in size.
The ﬁnal assembly of the Terra2 virus genome yielded 18 contigs,
including ﬁve large contigs (41500 bp) and 13 small contigs
(o1500 bp) with mean coverages of 20 and 10X, respectively. The
Terra2 virus genome (KF527228) is a double-stranded, AT-rich (72%)
DNA molecule composed of approximately 1167,289 bp. A total of
890 predicted proteins were tentatively identiﬁed in this genome. In
addition, six tRNAs (1 His-tRNA, 1 Cys-tRNA, 1 Trp-tRNA and 3 Leu-
tRNA) were detected. The protein-encoding genes were mostly
distributed on the negative strand with 490 genes compared to
400 genes on the positive strand. The length of the Terra2 virus
predicted proteins ranges from 99 to 2945 amino acids, with a mean
length of 381 amino acids. A total of 82 Terra2 virus proteins are
larger than 667 amino acids in size (i.e., are encoded by genes larger
than 2 kilobase pairs (kbp)), among which three proteins are larger
than 2000 amino acids, namely a kinesin-like protein, a capsid
protein, and a putative early transcription factor large subunit. A
total of 883 (99%) of the 890 predicted Terra2 virus proteins have
homologs in Mimivirus with a mean amino acid identity of 95%, 884
(99%) have homologs in Mamavirus with a mean identity of 95%, 734
(82%) have homologs in Moumouvirus with a mean identity of 48%
and 769 (86%) have homologs inM. chilensis with a mean identity of
48%. A BLASTp search against all previously published mimivirus
genomes and against COGs identiﬁed hits for 887 and 251 Terra2
virus genes, respectively. The comparative analysis of the Terra2
virus with other annotated mimivirus genomes using the Protei-
northo tool yielded a maximum number of orthologs (728 (82% of
the gene repertoire)) with Mimivirus, followed by 721 (81%)
orthologs with Mamavirus, 423 (48%) with M. chilensis and 350
(39%) with Moumouvirus. In addition, 306 orthologs were shared by
all these genomes, which represent 34% of the gene content of the
Terra2 virus. The C. roenbergensis virus has 44 (5%) proteins
orthologous to Terra2 virus proteins. These bidirectional best hit
analyses showed that the Terra2 virus is most closely related to
Mimivirus, the leading member of lineage A. Moreover, Mimivirus
and Mamavirus proteins were the best hits for 662 and 182 Terra2
virus proteins, respectively. In addition, 23 of the best hits were
from lentillevirus, another mimivirus of amoebae of lineage A (La
Scola et al., 2010; Cohen et al., 2011). Besides, for 14 Terra2 virus
predicted proteins with homologs in lineage A mimiviruses, the
best hits were from mimiviruses of lineage C in three cases, from
M. chilensis, Courdo11 virus and Courdo7 virus in six, four and
two cases, respectively, and from Moumouvirus monve, which
belongs to lineage B, for two proteins. Genomic dot plots for the
Terra2 virus against the amoebae-associated mimiviruses of
lineages A, B and C showed a high level of collinearity with
Mimivirus, and a far lower collinearity was observed with
Moumouvirus and M. chilensis (Fig. 1). The dot-plots of the
Terra2 virus against Moumouvirus and M. chilensis revealed
shorter and interrupted collinear regions and a large inverted
region located in the central part of the genome. In addition, the
phylogeny reconstruction based on family B DNA polymerase
and a concatenation of core genes of the proposed order
“Megavirales” indicates that the Terra2 virus belongs to lineage
A, which is in agreement with the comparative genomic results
(Figs. 2 and 3).
Fig. 5. Comparative gene organization and gene synteny for a region of interest in the genomes of mimiviruses. The genes and their orientation are depicted by polygons.
Genes of interest across the genomes are depicted with colors. The orientation of Terra1 virus, Mimivirus and Moumouvirus genomes are reversed for the feasibility of
syntenic regions.
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BLASTp searches against the GenBank nr database found hits
for 888 Terra2 proteins and identiﬁed two ORFans (0.22%) (Fig. 4).
In addition, the Terra2 virus genome harbors 524 lineage ORFans,
which account for 59% of the viral gene repertoire (Fig. 4). Similar
to the Terra1 virus, the Terra2 virus possesses a set of genes shared
only by members of a particular mimivirus lineage of amoebae.
Terra2_291, a ricin-type lectin protein, only shares homologs with
other members of lineage A, with an identity and a coverage
higher than 90%. In addition, Terra2_822 gene encodes a probable
7-dehydrocholesterol reductase, an enzyme that catalyzes the
production of cholesterol from 7-dehydrocholesterol using
NADPH. This gene is present in all the members of lineages A
and B but has no counterpart in any member of lineage C. These
ﬁndings exemplify that gene gains and losses are common
amongst the family Mimiviridae. Finally, we identiﬁed signiﬁcant
BLASTp hits in the gene content of P. dulcis and P. salinus for 125
and 129 Terra2 virus proteins, respectively, and pandoraviruses
were found to share several “Megavirales” core genes with the
Terra2 virus, including the class I genes shared by all of the viruses
of this proposed order, with the exception of the capsid protein.
Overall, the numbers of ORFans in the Terra1 virus and Terra2
virus genomes were dramatically lower than those found for
previously described mimiviruses, although it must be taken into
account that these ﬁndings are inﬂuenced by the set of sequences
available at time of genome description (Fig. 4). Concurrently, we
determined that the pan-genome of the familyMimiviridae, i.e. the
total of the genes speciﬁc to one mimivirus genome or shared by
two or more genomes, has substantially expanded since the
discovery of Mimivirus a decade ago. Indeed, the size of this
pan-genome increased from 979 to 2454 genes (Fig. 6).
Discussion
The comparative analyses of the Terra1 virus and the Terra2
virus genomes indicate that these giant viruses are bona ﬁde
members of the family Mimiviridae, are related to other mimi-
viruses that infect Acanthamoeba spp. and belong to lineages C and
A, respectively. In addition, these analyses conﬁrm previous
ﬁndings regarding the architecture of the mimivirus genomes,
with conserved collinear central regions ﬂanked by less conserved
areas towards the extremities. These features have been previously
highlighted in poxviruses and phycodnaviruses, other members of
the proposed order “Megavirales” (Senkevich et al., 1997; Filee
et al., 2007; McLysaght et al., 2003). The large inverted regions in
the central part of the genomes and shorter collinear regions
towards the tips identiﬁed by genome comparison were similar to
those described during the comparisons of the Mimivirus genome
with the M. chilensis genome or the Moumouvirus genome (Arslan
et al., 2011; Yoosuf et al., 2012). In addition, this pattern is similar
to X-shaped patterns observed on dot plots comparing genomes or
gene contents from bacterial species, which were described to
have symmetry around the replication origin and terminus and
suggest large chromosomal inversions around the origin of repli-
cation (Eisen et al., 2000).
The evolutionary relationship between the Terra1 virus and the
Terra2 virus, which were isolated from soil, and the other
mimiviruses of amoebae, which have been isolated from water
and include Mimivirus, Moumouvirus and M. chilensis, is an
indication that mimiviruses have a wide habitat and may be found
in many environmental samples inhabited by Acanthamoeba spp.
(Yoosuf et al., 2012; Colson et al., 2013; Pagnier et al., 2013).
Fig. 6. The number of genes composing the pan-genome of the mimiviruses, according to the time of description of the genomes of these giant viruses. The pan-genome is
the total of the genes speciﬁc to one mimivirus genome or shared by two or more genomes. Crov, Cafeteria roenbergensis virus; OLPV1, Organic lake phycodnavirus 1; PGV,
Phaeocystis globosa virus.
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Acanthamoeba spp., the known hosts of mimiviruses, are phago-
cytic protists classiﬁed in the phylum Amoebozoa and are pre-
dominant among the organisms in soil and water (Barker and
Brown, 1994; Moliner et al., 2010; Thomas and Greub, 2010). These
free living amoebae can ingest any particle with a size greater than
0.5 mm at the trophozoite stage and are known to graze on
multiple organisms and microorganisms including bacteria, yeasts,
fungi, viruses and algae. Therefore, these amoeba engulf large
amounts of foreign DNA (Rodriguez-Zaragoza, 1994; Barker and
Brown, 1994; Horn and Wagner, 2004). Moreover, Acanthamoeba
spp. can resist various unfavorable conditions by differentiating
into cysts (Raoult and Boyer, 2010; Bertelli and Greub, 2012).
Interestingly, Mimivirus-like particles were observed by light
microscopy within Acanthamoeba spp. in treated sewage sludge
from a wastewater treatment plant in the UK (Gaze et al., 2011).
This ﬁnding suggested that amoebae could promote the dissemi-
nation of mimiviruses to land.
As in previous studies that analyzed the genomes of giant
viruses, some evidence of lateral gene transfers between these
genomes and genomes of other organisms from other branches of
life have been found (Raoult et al., 2004; Boyer et al., 2009; Filee,
2009). These transfers can be related to the particular lifestyle of
mimiviruses within the amoebae where the viruses live sympatri-
cally with other viruses and bacteria and can exchange genes with
these viruses, bacteria and the eukaryotic host (Raoult and Boyer,
2010; Moliner et al., 2010; Bertelli and Greub, 2012). The identiﬁca-
tion in the genome of the Terra1 virus of a cluster of genes that are
orthologous to bacterial genes and have no counterpart in other viral
genomes than those of mimiviruses of lineage C exempliﬁes this
capability to acquire genes. Such clusters of bacterial genes have
been observed in the Mimivirus genome (Filee et al., 2007) and the
Crov genome (Fischer et al., 2010). In the case of Crov, which infects
phagocytic protists other than Acanthamoeba spp., a 38-kbp genomic
fragment was identiﬁed that encompasses 34 predicted genes,
among which 14 were most similar to bacterial genes, and 7 were
predicted to be involved in carbohydrate metabolism. Strikingly, the
cluster of genes identiﬁed in the Terra1 virus genome also contains
genes involved in carbohydrate metabolism.
Since the discovery of Mimivirus, the founding member of the
family Mimiviridae, the pan-genome of this viral family has shown
a 2.5-fold expansion. Only ﬁve and two ORFans were identiﬁed
among the predicted genes from the Terra1 and Terra2 viruses,
respectively. Concurrently, the size of the pan-genome for mimi-
viruses of amoebae reached a plateau and could be considered
closed based on currently available genomes. This ﬁnding may rely
on the fact that these giant viruses were isolated through the same
strategy of co-culturing the viruses with A. polyphaga or A.
castellanii, and the majority of the amoebae were from water or
soil samples, although these samples were collected from various
geographical areas on three continents (La Scola et al., 2010;
Pagnier et al., 2013; Colson et al., 2013). Notwithstanding, it has
been recently shown that the family Mimiviridae is expanding
through the reclassiﬁcation of viruses formerly classiﬁed as
phycodnaviruses, and these viruses infect different hosts than
Acanthamoeba spp. (Yutin et al., 2013). Finally, the present study
underlines that the lineage ORFans compose a considerable part of
the gene content of mimiviruses that infect amoebae, and this
observation, together with the large proportion of hypothetical
proteins, stresses that much remains to be known about these
viruses.
Materials and methods
The Terra1 and Terra2 viruses were isolated by inoculating
A. polyphaga, as previously described (La Scola et al., 2010).
The genomes of these viruses were sequenced by shotgun sequen-
cing on the 454-Roche GS20 instrument (Boyer et al., 2009).
Sequence reads were assembled de novo using the Newbler tool
(Margulies et al., 2005) with 90% identity and 40 bp as overlap,
then using other mimivirus genomes as references with the CLC
Bio software (http://www.clcbio.com/index.php?id=28).
Open reading frames were predicted using the GeneMarkS
software with default parameters (Besemer and Borodovsky,
2005). The predicted protein sequences were searched against
the GenBank non-redundant protein sequence database (nr) and
the database of Clusters of Orthologous Groups of proteins (COGs)
using BLASTp (Tatusov et al., 2000; Altschul et al., 1990). The
tRNAScanSE tool was used to search for transfer RNA genes
(tRNAs) (Schattner et al., 2005). The strategy of reciprocal best
BLASTp hits (Jordan et al., 2002) was performed to identify the set
of orthologous genes using the Proteinortho tool (Lechner et al.,
2011). An e-value below 1e-3, an amino acid identity above 30%
and a sequence coverage above 70% were used to consider hits as
signiﬁcant. ORFans, which are ORFs that lack detectable homologs
in sequence databases (Fischer and Eisenberg, 1999; Boyer et al.,
2010), were identiﬁed by BLASTp against the NCBI GenBank nr
database as ORFs with an e-value greater than 1e-3 considering an
alignment length greater than 80 amino acids (for alignment
lengths o80 amino acids, we used an e-value cut-off of 1e-05).
This e-value cut-off has been used in previous studies to deﬁne
ORFans (Yin and Fischer, 2008; Yin and Fischer, 2006). Lineage
ORFans, which are the ORFs that have homologs in a given
taxonomic rank and no outside homolog (Boyer et al., 2010), were
found with the same methodology as the ORFans. The genomic
architectures were compared using MUMmer, Mauve and r2cat
softwares (Kurtz et al., 2004; Darling et al., 2004; Husemann and
Stoye, 2010). The sequence alignments were built using the muscle
program (Edgar, 2004), and the alignments were trimmed using
the trimAl tool (Capella-Gutierrez et al., 2009). The phylogenetic
trees were constructed using PhyML (Guindon et al., 2005) and
were visualized using the FigTree software (http://www.umiacs.
umd.edu/morariu/ﬁgtree/).
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